The layer-structured thermoelectric material, Al-doped (ZnO) 5 In 2 O 3 , was fabricated by microwave irradiation within a short time of 15 min and its thermoelectric properties were examined. When comparing specimens sintered by microwave irradiation (15 min) with those by conventional heating (4 h), their microstructure and composition were similar. However, electrical conductivity was improved by microwave irradiation. Moreover, in (Zn 1¹x Al x O) 5 In 2 O 3 (x = 0.016, 0.032), Al-doping contributed to an increase in both the electrical conductivity and the absolute value of Seebeck coefficient, which contributed fairly to the high dimensionless figure of merit, ZT. Larger ZT was achieved by improvement in electrical conductivity by microwave irradiation and increases in both the electrical conductivity and the absolute value of Seebeck coefficient by Al doping. (Zn 0.984 Al 0.016 O) 5 In 2 O 3 sintered by microwave irradiation had the highest ZT, which was 1.5 times higher than that of (ZnO) 5 In 2 O 3 sintered by conventional heating at 773 K.
Introduction
Thermoelectric energy conversion is widely recognized as a promising technology for electrical power generation in terms of waste heat recovery.
1) Bi 2 Te 3 2) and PbTe 3) have already been commercially applied. However, these non-oxide materials developed so far are easily oxidized, decomposed and melted at high temperatures in air; thus, they are not suitable for high temperature (over 1273 K) applications. On the other hand, oxide materials can be applied to high-temperature thermoelectric energy conversion because of their high thermal stability and corrosion resistance. P-type oxide materials, such as Na x CoO 2 4) and Ca 3 Co 4 O 9 , 5) exhibit fairly high thermoelectric properties. However, n-type oxides still show rather low thermoelectric properties compared with p-type. N-type conductors are usually utilized as p-type partners for thermoelectric module production. Therefore, it is important to improve the thermoelectric properties of n-type oxide materials. The thermoelectric dimensionless figure of merit is defined as ZT (=·S 2 T/¬; ·: electrical conductivity, S: Seebeck coefficient, T: absolute temperature, ¬: thermal conductivity). According to the equation, larger values of · and S and smaller values of ¬ are essential for higher ZT. We focused on the n-type oxide material, (ZnO) 5 In 2 O 3 . It has a very unique crystal structure composed of layers of InO 2 ¹ and InZn 5 O 6 + , periodically stacking in the c-axis direction as shown in Fig. 1 . 6) This layered structure gives rise to low thermal conductivity which is attributed to the reduced mean free path of the phonon between layers. 8) Furthermore, each layer has fairly high electrical conductivity with high carrier mobility. Thus, (ZnO) 5 In 2 O 3 is expected to be a high-efficient thermoelectric material.
9)13)
As a sintering method, we used microwave irradiation. Typically, the synthesis of ceramics by conventional heating requires a long sintering time. However, fabrication of ceramics by microwave irradiation could be performed within a short time.
14)16)
Under microwave irradiation, the material absorbs microwave energy in the electromagnetic field and is heated via microwavematerial interaction. Consequently, microwave heating offers advantages, such as rapid heating, internal heating and preferential heating, over conventional heating. In addition, the development of fine microstructures, induction of defects and so on can be realized. 14) Doping is a key technology for improving ZT in (ZnO) 5 In 2 O 3 . 12),13) Thus, we doped Al into (ZnO) 5 In 2 O 3 using Al-doped ZnO as a starting material. In Al-doped ZnO, Al doping generates a free electron in the conduction band, and thus increases the electrical conductivity significantly. 17) , 18) Since the high electrical conductivity increases absorption of microwave, stronger microwave effects can be observed. 19) Furthermore, previous studies reported that thermal conductivity of Al-doped ZnO decreases slightly due to phonon scattering induced by the crystal dis- tortion. 17) Based on the above reasons, using Al-doped ZnO as the starting material may allow the synthesis of high performance thermoelectric materials.
In this paper, we attempted to improve the thermoelectric properties of (ZnO) 5 In 2 O 3 by microwave irradiation and Al-doping. In addition, rapid synthesis of (ZnO) 5 5 In 2 O 3 powder was passed through a 200-mesh sieve. Subsequently, the sieved powder (1.5 g) was compacted to a º 15 mm © 2 mm pellet with uniaxial pressing at 72 MPa. Two compacts and ZnO powders were placed into a sample holder fixed in the microwave heating apparatus as schematically presented in Fig. 2 . The specimens were sintered by microwave irradiation at 16731873 K for 15 60 min in air. For comparison, ZnO:In 2 O 3 compacts (5:1 molar ratio) and ZnO powders placed in alumina crucibles were also heated by conventional heating at 1773 K for 14 h in air.
The specimens were characterized by X-ray diffraction (XRD: Model RINT-2200, Rigaku Co., Cu-K¡ radiation) and the density (d) was determined by Archimedes method. Microstructure of specimens which were thermally etched (1373 K for 15 min) after polishing was observed by scanning electron microscopy (SEM: Model s-3000H, HITACHI Co.). The electrical resistivity (µ) was measured by the four-point probe method (Model Resitest, TOYO Co.) and Seebeck coefficient (S) was determined by a setup in which S was calculated from the slope of ¦V versus ¦T, where ¦V and ¦T are the thermoelectric voltage and temperature gradient generated between both ends of a specimen, respectively. Thermal diffusivity (¢) was measured by the laser flash method (Model TC-9000, ULVAC-RIKO Co.) and specific heat capacity (C p ) was measured using a differential scanning calorimeter (DSC, Model Q2000TU, TA Instruments Co.). Thermal conductivity (¬) was calculated from the product of the thermal diffusivity (¢), specific heat capacity (C p ) and density (d) by the following equation
These thermoelectric properties were measured in the temperature range of 373873 K.
Results and discussion

Search for experimental condition
We investigated the sintering behavior of (ZnO) 5 In 2 O 3 sintered by microwave irradiation. The compacts were sintered at 1673 1873 K for 1560 min. Figure 3 (A) shows the XRD patterns of specimens sintered for 15 min. When sintered at 1673 and 1773 K for 15 min, in accordance with JCPDS database 201440, almost a single phase of (ZnO) 5 In 2 O 3 was formed. However, when sintered at 1873 K, the (ZnO) 4 In 2 O 3 phase (JCPDS database 20-1438) was also formed. It is considered that sublimation of ZnO occurs in the compacts sintered at a high temperature. Figure 3 (B) shows the XRD patterns of specimens sintered at 1773 K. The (ZnO) 4 In 2 O 3 phase was also formed by sintering for 60 min. In addition, not shown in the figure, when sintered at 1673 K for 15, 30 and 60 min, almost a single phase of (ZnO) 5 In 2 O 3 was formed. This result indicates that sublimation of ZnO occurs during sintering at a high temperature such as 1873 K, contributing to the formation of the (ZnO) 4 In 2 O 3 phase. 20) Furthermore, the same phenomenon occurred at 1773 K for long sintering times such as 60 min. The formation of pores due to sublimation of ZnO may decrease thermoelectric properties, and (ZnO) m In 2 O 3 (m = odd) showing large ZT has been reported.
11)21) Thus, we focused on specimens which consist of almost a single phase of (ZnO) 5 In 2 O 3 .
For a thermoelectric material, high-density bulk is usually desired in terms of thermoelectric property and strength. 22 ) Figure 4 shows the relative density of specimens which consist of almost a single phase of (ZnO) 5 In 2 O 3 . To examine the difference in sintering behavior due to the different sintering methods, the specimens sintered by conventional heating at 1773 K for 1 and 4 h were also shown. The highest theoretical density (6.11 g/cm 3 ) of 80% was obtained by microwave irradiation at 1773 K for 15 and 30 min. The specimens sintered by conventional heating at 1773 K for 1 and 4 h showed a theoretical density of 69.2 and 78.1%, respectively. Fabrication of high-density specimen in a short time was possible by microwave irradiation. The promotion of solid-phase diffusion by microwave irradiation was found in many studies. 23 ), 24) The result obtained from this study is consistent with these previous studies. In order to examine the effect of microwave irradiation, we chose specimens sintered by microwave irradiation at 1773 K for 15 min and by conventional heating at 1773 K for 4 h since they have almost the same density. Under this condition, Aldoped specimens were also similarly fabricated by microwave irradiation.
The specimens which consist of (Zn 1¹x Al x O) 5 In 2 O 3 sintered by microwave irradiation at 1773 K for 15 min and by conventional heating at 1773 K for 4 h were characterized. Figure 5(A) shows XRD patterns of these specimens, confirming that all the sintered specimens consist of (ZnO) m In 2 O 3 (m = 4, 5). However, enlargement of XRD pattern in the range of 30 < 2ª < 40 is shown in Fig. 5(B 25) When Al incorporated into Zn site of (ZnO) 5 In 2 O 3 , their lattice parameters decrease because ionic radius of Al is smaller than that of Zn. Table 1 shows the lattice parameters of (Zn 1¹x Al x O) 5 In 2 O 3 sintered by microwave irradiation. It shows that lattice parameter decreased with Al content except for x = 0.032 specimen, indicating that the Al ions incorporates to Zn site of (ZnO) 5 Figure 6 shows the relative density of specimens consisting of (Zn 1¹x Al x O) 5 
Observation of microstructure
SEM images of the polished and etched specimens are shown in Fig. 7 . In spite of the short heating time (15 min) by microwave irradiation, there was little difference between specimens sintered by microwave and conventional heating (4 h). It may be related to promotion of solid-phase diffusion effect which is one of the effects of microwave irradiation. 23 ), 24) Compared to Al-doped and Al-free specimens, the grain and pore size of (Zn 0.968 Al 0.032 O) 5 In 2 O 3 are smaller. In Al-doped ZnO, it was reported that the added impurity Al 2 O 3 reduces the mobility of grain boundaries. 26),27) It is considered that a similar phenomenon occurred in Al-doped (ZnO) 5 In 2 O 3 .
Thermoelectric properties
To examine the influence of Al-doping and microwave irradiation on thermoelectric properties, the dimensionless figure of merit (ZT = ·S 2 T/¬) was determined by measuring the electrical conductivity (·), Seebeck coefficient (S), and thermal conductivity (¬) for 373873 K.
The temperature dependence of electrical conductivity (·) is shown in Fig. 8 . Focusing on the difference in the sintering methods, the specimens sintered by microwave irradiation show higher electrical conductivity than that of conventional heating. This difference is considered to be due to increased oxygen defects generated by microwave irradiation. Although the injection mechanism of lattice defects by microwave heating is not apparent, it was reported in a previous study. 14) In addition, Al-doping contributed to high electrical conductivity. It may be considered that the addition of Al 3+ for Zn 2+ may increase the electron concentration to compensate the electric charge balance. However, the higher amount of Al-doping (²0.016) decreases electrical conductivity. This may be related to Al compounds The temperature dependence of Seebeck coefficient (S) is shown in Fig. 9 . The (ZnO) 5 In 2 O 3 specimens sintered by microwave irradiation show lower absolute Seebeck coefficients than those sintered by conventional heating. It is considered that this phenomenon is related to the increasing carrier concentration induced by microwave irradiation. 14) In the case of (Zn 1¹x -Al x O) 5 In 2 O 3 specimens, the absolute values of the Seebeck coefficient of x = 0.016 and 0.032 specimens are higher than that of the Al-free specimen. This is considered to be related to carrier scattering caused by increasing grain boundary and Al compounds such as InAlZn 4 O 7 . It may also be related to crystal distortion caused by doping. 21) As regard to x = 0.008 specimen, there is little difference by Al-doping. It is speculated that increasing of carrier concentration eliminated the effect of increasing of the absolute value of the Seebeck coefficient by Al-doping.
The temperature dependence of power factor (·S 2 ) is shown in Fig. 10 . It is apparent that the power factor was improved by microwave irradiation due to high electrical conductivity. Moreover, Al-doping contributed significantly to higher power factor. It is important to note that Al-doping (x = 0.016, 0.032) improves both the electrical conductivity and the absolute value of Seebeck coefficient. In general, the value decreases with increasing electrical conductivity. Thus, it is considered as a specific phenomenon.
The temperature dependence of thermal conductivity (¬) is shown in Fig. 11 . The specimen sintered by microwave irradiation, (Zn 0.984 Al 0.016 O) 5 In 2 O 3 , has the maximum power factor, and thus its thermal conductivity was measured. Furthermore, the effects of Al-doping and microwave sintering were examined using Al-free specimens sintered by microwave irradiation and conventional heating. These specimens showed almost the same thermal conductivity, which indicated that difference in Aldoping and sintering method caused little difference in thermal conductivity. The thermal conductivity of these specimens at 373 K is about 2.0 W/mK, which is about one fifteenth of that obtained for Zn 0.968 Al 0.032 O, as shown in the figure. This Aldoped ZnO ceramic was fabricated by microwave heating at 1573 K for 10 min in air. It has about 100% relative density. We speculate that this difference in thermal conductivity is attributed to the low relative density and anisotropic structure of (ZnO) 5 In 2 O 3 . We assumed that interface scattering was generated by porosity and difference in local density which arises from the anisotropic structure. Furthermore, although thermal conductivity of Al-doped ZnO decreased with increasing temperature, (Zn 1¹x -Al x O) 5 In 2 O 3 has little temperature dependence. It is considered that (Zn 1¹x Al x O) 5 In 2 O 3 contains the heavy element indium which decreases phonon-phonon scattering caused by thermal vibration. 28) The temperature dependence of the thermoelectric dimensionless figure of merit, ZT, is shown in Fig. 12 . ZT of (Zn 0.984 -Al 0.016 O) 5 In 2 O 3 sintered by microwave irradiation is 1.5 times higher than that of (ZnO) 5 In 2 O 3 sintered by microwave irradiation at 773 K. It is confirmed that Al-doping contributes to larger ZT. Focusing on the difference in sintering method, it is shown that microwave irradiation only contributes slightly to higher ZT, which is attributed to high electrical conductivity of the microwave specimen.
Conclusion
In this study, sintered compacts of (Zn 1¹x Al x O) 5 In 2 O 3 were fabricated by microwave irradiation. Microwave irradiation enabled fabrication of sintered compacts in a short time of 15 min. For conventional heating, 4 h is required to fabricate sintered compacts which have almost the same density as microwave specimens. Moreover, the electrical conductivity was improved by microwave irradiation. Al-doping contributed to an increase in both the electrical conductivity and the absolute value of Seebeck coefficient. In conclusion, microwave irradiation is effective for rapidly fabricating materials and slightly enhancing thermoelectric properties, and the Al-doping contributes considerably to larger ZT. Furthermore, it is expected that improvement in thermoelectric properties of (ZnO) 5 In 2 O 3 is enabled by texture improvement and densification besides microwave irradiation and Al doping. 
